Introduction
Heracleum sosnowskyi (Manden, Apiaceae), or Sosnowsky hogweed, is one of the most dangerous invasive species in Central and Northern Europe [1] [2] [3] . One of the main 2 Experimental procedures
Essential oil distillation and chemical analysis
Essential oil was obtained from the seeds of the main umbels of H. sosnowskyi, which were harvested from several plants from a monoculture in Garlica Murowana near Krakow, Poland. Dried seeds (0.5 kg) were ground using an electric grinder and subjected to hydrodistillation using a Clevenger-type apparatus. The analysis of essential oil was performed using a gas chromatograph Trace GC Ultra coupled with a DSQII mass spectrometer (Thermo Electron) equipped with a Rtx-1 MS capillary column (60 m × 0.25 mm i.d., film thickness 0.25 µm). Simultaneous GC-FID and MS analyses were performed using a MS-FID splitter (SGE Analytical Science). The temperature was held at 50°C for 3 min, raised to 300°C at 4°C/min and held at 300°C for 30 min. The injection temperature was 280°C, and the detector (FID) temperature was 300°C. The carrier gas was helium at constant pressure (300 kPa). The mass range was 33-550 amu, ion source heating was 200°C, and ionization energy was 70 eV. The components were identified by comparing the retention indices and mass spectra with those of the NIST09, Wiley 275, and MassFinder 4.1 libraries, alongside our laboratory's own database. Retention indices (RI) of the components were determined in relation to the retention times of a series of n-alkanes with linear interpolation. Percentages were obtained from FID response without the use of correction factors.
Biological test
The germination of maize kernels (Zea mays cv. 'Wilga') and seeds of five weed species in the presence of H. sosnowskyi EO was tested. The tested weeds included three monocots, i.e., wild oat (Avena fatua L.), rye brome (Bromus secalinus L.) and barnyard grass (Echinochloa crus-galli (L.) Beauv.), and two dicots, i.e., redroot pigweed (Amaranthus retroflexus L.) and cornflower (Centaurea cyanus L.). Weed seeds were collected from local populations in arable fields near Krakow from JuneAugust 2013.
Oil-in-water (O/W) solutions of H. sosnowskyi EO in distilled water containing 5% acetone were prepared. Five concentrations of EO (0.2; 0.6; 1.2; 2.4. and 7.2 g L -1 ) were used. The control treatment was composed of distilled water and acetone. Two layers of filter paper were placed on the bottom of 9-cm-diameter Petri dishes.
Then, 6 mL of the essential oil solution was added, and 30 seeds were immediately placed into each dish. Each dose of EO was replicated three times. Petri dishes were sealed with parafilm to protect the oil from evaporation. All Petri dishes were put randomly in the growth cabinet at a constant temperature of 18°C and left in darkness for 6 days. The number of germinated seedlings was counted, and their hypocotyl and root length were measured. Seedlings with at least a 1-mm-long hypocotyl and a visible root were recognized as germinated. The results were expressed as a percentage of germinated seeds in relation to the control treatments. Additionally, a median effective dose (ED50) was calculated, which is defined as the dose of EO required to achieve 50% inhibition of seed germination.
Statistical analysis
The results of the percentage of germinated seeds were analyzed using a dose-response non-linear analysis with the drc package [17] of the statistical software R ver. 3.1.2. The three-parameter model for fitting curves was used according to Knezevic et al. [18] , where the lower limit is equal to zero:
, where e is the ED50, the upper limit is d and b denotes the relative slope around e. The above model is a very useful and widely accepted method for addressing the response of plants to increasing doses of any type of xenobiotic [17, 18] .
Seedling hypocotyl and root length data were tested for equality of variances (by Levene test) and further analyzed in a one-way ANOVA using the STATISTICA ver. 10.0 software (StatSoft 2011). For statistical comparisons, means were separated by a Duncan test at a significance level P = 0.05.
Results

Chemical composition of Heracleum sosnowskyi essential oil
EO of H. sosnowskyi seeds was obtained with a yield of 5.1%. Sixty-two compounds were identified and constituted 96% of the total oil (Table 1) . Aliphatic esters (82.9%) were the main constituents of the oil, followed by aliphatic alcohols (11%). Octyl acetate (39.5%), hexyl 2-methylbutanoate (14.4%), hexyl 2-methylpropanoate (5.9%), hexyl butanoate (5.4%), and octanol (8.6%) 
Herbicidal effect of essential oil of Heracleum sosnowskyi
The tested seeds exhibited different susceptibilities to H. sosnowskyi EO. Based on the ED50 value ( , respectively. The least susceptible were seeds of Echinochloa crus-galli and maize (Zea mays), in which the EO doses that affected ED50 were 2.37 and 2.48 g L -1 , respectively (Table 2 ). Figure 1 presents the course of germination curves of the tested species. The analysis of a response of these species to a whole spectrum of doses of EO shows that in terms of germination, the most susceptible was Bromus secalinus. The three highest concentrations of EO (
) caused a total inhibition of germination of this weed (Fig. 1) . The moderately susceptible species, Avena fatua and Centaurea cyanus, reacted differently to the increasing doses of H. sosnowskyi EO. As shown in Fig. 1 , seeds of Centaurea cyanus germinated at the same level as did its control seeds up to a dose of 0.6 g L -1 of EO. In contrast, seeds of Avena fatua germinated less as the doses of EO increased. As the third least susceptible to H. sosnowskyi EO, kernels of maize and seeds of Echinochloa crus-galli germinated normally up to 0.6 and 1.2 g L -1 , respectively. At the highest dose of H. sosnowskyi EO, none of the Echinochloa crus-galli seeds germinated, whereas approximately 20% of maize kernels were still able to germinate (Fig. 1 . Because the ED50 doses that reduced the germination of these seeds were well below 2.4 g L -1 , with the exception of barnyard grass, these weed species may be identified as susceptible to H. sosnowskyi EO. Among the tested seeds and seedlings, C4 grasses, barnyard grass, and maize in particular were tolerant to H. sosnowskyi EO. Maize seedlings, both their hypocotyls and radicles, were still able to grow, even at the highest dose of H. sosnowskyi EO (Figs. 2 and 3 ).
Discussion
The essential oil of Heracleum sosnowskyi was previously studied by Kwaśny et al. [19] . The authors obtained a 2.7% yield of oil and identified the same main compounds as in our work, though in different amounts: octyl acetate (29.5%), hexyl 2-methylbutanoate (7.4%), and octanol (16.2%). Tomaszkiewicz-Potępa and Vogt [20] found octanol and esters in the ethyl acetate extract of H. sosnowskyi seeds. Szumny et al. [21] found a 9.5% oil yield from H. mantegazzianum seeds and identified 21 constituents, with the main ones being octyl acetate (59.1%), octanol (8.8%), hexyl butanoate (7.9%), and anethole (6.6%). Jakubska-Busse et al. [11] analyzed the composition of the dichloromethane and pentane extracts of H. sosnowskyi and H. mantegazzianum seeds and did not find significant differences in their qualitative chemical compositions. Our results confirm the other authors' findings. Additionally, a similarity in the chemical composition of essential oils of H. sosnowskyi The seedlings of the tested species also expressed different susceptibilities to H. sosnowskyi EO (Figs. 2 and 3 ). C3 grasses, wild oat and rye brome showed an increasing susceptibility to increasing doses of EO, as reflected in the significant shortening of both hypocotyls and radicles. The other species' seedlings were unsusceptible to H. sosnowskyi EO up to the one or two highest doses at and H. mantegazzianum proves that both species are closely related [1] .
The compositions of both invasive hogweeds' EOs are unique compared with the compositions of the majority of known EOs, which generally contain monoterpenes [22, 23] . Both aliphatic esters and aliphatic alcohols, which are found in the EOs of invasive hogweeds, possess a strong toxic potential [24, 25] . Moreover, octyl acetate, one of the main compounds of hogweed EOs, was found in the secretions of rice bug (Leptocorisa oratorius). Males and females of this species produce a combination of substances that primarily contains octyl acetate but also contains octanol to produce toxic, repellent and alarm properties [26] . This proves that the substances that are present in the H. sosnowskyi EO have strong, biologically active potential.
To date, the available literature lacks information on the herbicidal effect of H. sosnowskyi EO on the seed germination of weeds and maize. The only report is by Baležentienė and Bartkevičius [8] , who discussed the inhibitory effect of aqueous extracts of H. sosnowskyi, which contain phenolic compounds against the germination of rapeseed oil and perennial ryegrass. Our results show that H. sosnowskyi EO displayed herbicidal action against germination and early seedling growth in the tested species. Both C3 grasses were especially susceptible to this EO and displayed significant reductions in germination and seedling growth in the presence of increasing doses of EO. Kernels of maize and seeds of Echinochloa crus-galli, both of which are C4 grasses from the Panicoideae botanical subfamily [27, 28] , were the most tolerant to H. sosnowskyi EO. This phenomenon of differences in C3 and C4 grass susceptibility to H. sosnowskyi EO requires further examination and may be of practical importance. Wild oat (Avena fatua) is one of the most aggressive grass-weeds worldwide [29] and competes effectively with spring cereals and peas [30, 31] . Moreover, many biotypes of this species are herbicideresistant [32, 33] . In this light, the susceptibility of wild oat to H. sosnowskyi EO is worth testing to determine whether this weed is also susceptible to its main compounds, also in field conditions. However, the lower susceptibility of kernels of maize to this EO also sounds promising and could be used for weed management in maize fields. Previous research has shown that maize kernels are less susceptible to different essential oils [34] . Vaughn and Spencer [35] suggested that the tolerance to essential oils may result from the seed size; the bigger the seed is, the more tolerant it is.
Nevertheless, in this experiment, the influence of H. sosnowskyi EO on the germination of maize and weeds was examined in the laboratory as a Petri-dish bioassay. Another experiment in natural soil conditions is necessary to confirm these results and to assess the stability and possible adsorption of bioactive compounds of H. sosnowskyi EO in soil.
In summary, the Heracleum sosnowskyi essential oil contains mostly aliphatic esters with octyl acetate as the main component. EO shows different activity against the germination of weeds and maize. The most susceptible . The results of the bioassay show that the germination of weeds is more inhibited than that of maize kernels. Maize kernels are tolerant to a dose up to 0.6 g L -1 , and 20% of the seeds are still able to germinate in the presence of 7.2 g L -1 of oil. H. sosnowskyi essential oil might be a potential agent for a natural herbicide against weeds in maize and against Avena fatua. Research on the herbicidal activity of H. sosnowskyi essential oil should be continued in soil conditions.
